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Abstract

The coastal regions off Angola and Namibia are renowned for their highly productive marine ecosystems in the southeast
Atlantic. In recent decades, these regions have undergone significant long-term changes. In this study, we investigate the
variability of these long-term changes throughout the annual cycle and explore the underlying mechanisms using a 34-year
(1982-2015) regional ocean model simulation. The results reveal a clear seasonal dependence of sea surface temperature
(SST) trends along the Angolan and Namibian coasts, with alternating positive and negative trends. The long-term warming
trend in the Angolan coastal region is mainly explained by a pronounced warming trend in the austral spring and summer
(November-January), while the decadal trend off Namibia results from a counterbalance of an austral winter cooling trend
and an austral summer warming trend. A heat budget analysis of the mixed-layer temperature variations shows that these
changes are explained by a long-term modulation of the coastal currents. The Angolan warming trend is mainly explained
by an intensification of the poleward coastal current, which transports more warm equatorial waters towards the Angolan
coast. Off Namibia, the warming trend is attributed to a reduction in the northwestward Benguela Current, which advects
cooler water from the south to the Namibian coast. These changes in the coastal current are associated with a modulation of
the seasonal coastal trapped waves that are remotely-forced along the equatorial waveguide. These long-term changes may
have significant implications for local ecosystems and fisheries.
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1 Introduction

In memory of our dear colleague, mentor and friend, Prof. Mathieu
Rouault, who dedicated his life to the study and understanding

of the air-sea interaction in the Benguela Upwelling System. His
passion, dedication and invaluable contributions will always be
remembered.

The Tropical Angola Upwelling System (TAUS) and North
Benguela Upwelling System (NBUS) are among the most
productive marine ecosystems in the southeastern Atlantic
Ocean and represent a great source of food security and eco-
nomic livelihoods for local communities (Hutchings et al.
2009; Sowman and Cardoso 2010). In both systems, coastal
upwelling yields the rise of the thermocline, bringing cold
deep nutrient-rich water to the euphotic zone, creating opti-
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mal conditions for the feeding and spawning of small pelagic
fishes. However, these abundant fish resources are affected
by ocean variability and climate change. Therefore, there
is an urgent need to improve our understanding of the vari-
ability of the TAUS and NBUS, to describe the long-term
changes they undergo, and to identify the underlying mecha-
nisms and their potential impacts on the fisheries.

Both the TAUS and the NBUS exhibit lower Sea Surface
Temperatures (SST) near the coast compared to those further
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Fig.1 a Mean sea surface temperature (SST, °C) and schematic of
the circulation in the southeastern tropical Atlantic. Solid arrows
indicate the surface currents, and the dashed arrow indicate the sub-
surface current, composed of the Equatorial Under Current (EUC),
the South Equatorial UnderCurrent (SEUC), the South Equatorial
CounterCurrent (SECC), the Angola Current (AC), and the Benguela
Current (BC). b Long-term linear trend of SST in °C/decade (°C/

offshore (Awo et al. 2022; Korner et al. 2023). However,
the surface waters of the TAUS are characterized by warm
tropical conditions (Fig. 1a; Tchipalanga et al. 2018; Awo
et al. 2022; Korner et al. 2023) and undergo a pronounced
seasonal cycle, with the highest temperatures occurring in
the austral autumn and the lowest temperatures in the winter
(Awo et al. 2022; Korner et al. 2023). In contrast, the coastal
surface waters of the NBUS remain relatively cold (Rou-
ault 2012), such that the SST contrast between the coast and
the open ocean (>3 °C) is visible in satellite-derived data
(Fig. 1a). This quasi-permanent coastal upwelling is driven
by the prevailing alongshore equatorward surface wind,
which intensifies from austral autumn to spring (Veitch
et al. 2010). The strength of the upwelling varies along the
Namibian coast and features several cells of cooler coastal
SST (Fig. 1a; Shannon 1985; Chen et al. 2012; Bordbar
et al. 2021). The circulation in NBUS is dominated by the
cold alongshore equatorward Benguela Current, the eastern
boundary current of the South Atlantic Gyre, driven by the
southeasterly surface wind. Previous studies in the NBUS
have reported a seasonal reversal of the current (equatorward
in March-September and poleward in October-February,
Mohrholz et al. 2008; Brandt et al. 2024), attributed to the
seasonal changes in the local wind stress curl (Junker et al.
2015; Brandt et al. 2024).

The highly productive TAUS is sheltered from the east-
ern branch of the South Atlantic Anticyclone and is influ-
enced by relatively weak coastal surface winds (Ostrowski
et al. 2009; Blamey et al. 2015). It is driven by the pole-
ward propagation of Coastal Trapped Waves (Tchipalanga
et al. 2018; Awo et al. 2022; Korner et al. 2023) and mixing
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dec). The red and blue lines delineate the TAUS and NBUS coastal
zones, respectively. Data come from the combination at 1°x1° of
Optimum Interpolated SST 0.25°%0.25° (Huang et al. 2021), OISST
1°x1° (Reynolds et al. 2002) and Hadley SST (Rayner et al. 2003)
from 1982 to 2015. The figure was created using the Matlab software
(https://mathworks.com)

induced by internal waves (Ostrowski et al. 2009; Tch-
ipalanga et al. 2018; Zeng et al. 2021; Korner et al. 2023).
Previous studies have described the passage of four Coastal
Trapped Waves (CTWs) per year (Polo et al. 2008; Rou-
ault 2012; Tchipalanga et al. 2018). Specifically, a first and
a second downwelling CTW propagate along the Angolan
coast in March and October, respectively, while a strong and
a weaker upwelling CTW prevail in June-July and Decem-
ber-January, respectively. The circulation in the TAUS is
dominated by the Angola Current (Fig. 1a), which trans-
ports warm equatorial water poleward along the Angolan
continental slope and shelf (Kopte et al. 2017; Awo et al.
2022; Korner et al. 2023). Its intensity is modulated by the
CTW (Bachelery et al. 2016; Illig et al. 2020), with down-
welling waves favoring a stronger current. As a consequence,
these warm waters reach the NBUS twice a year (in October
and February) and have a substantial impact on fisheries in
the region (Rouault 2012), The contrast between the warm
Angola water and the cold Namibia water gives rise to a
strong cross-frontal temperature gradient that delineates the
two upwelling regions (Shannon 1985; Veitch et al. 2006;
Rouault et al. 2018). Recent studies have investigated the
factors responsible for the seasonal evolution of the SST in
the southeastern Atlantic Ocean (Scannell and McPhaden
2018; Korner et al. 2023). Scannell and McPhaden (2018)
analyzed the heat budget within the surface Mixed Layer
(ML) from in situ observations recorded at the PIRATA
buoy located at [6°S, 8°E]. Their results revealed that sur-
face heat fluxes and vertical entrainment are the main con-
tributors to the seasonal SST changes. Recently, Korner et al.
(2023); (2024) demonstrated that the vertical mixing and
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the upwelling induced by the CTW are the primary factors
driving the upwelling in TAUS observed in austral winter.
At the interannual timescale, the extreme warm and cold
events off the coast of Angola and Namibia, the Benguela
Nifios/Nifias, constitute the main mode of interannual vari-
ability in SST (Florenchie et al. 2003; Rouault et al. 2018)
and can have severe impacts on local fisheries (Binet et al.
2001; Boyer et al. 2001) and precipitations over southwest-
ern Africa (Rouault et al. 2003; Lutz et al. 2015).

At the decadal scale, the coastal areas off Angola and
Namibia exhibits a warming trend of up to 0.4 °C/decade (°C/
dec) was observed between 1982 and 2015, with slightly lower
values in the Namibian region (see Fig. 1b). Despite these nota-
ble trends, these regions have received limited attention. This
may be attributed to a scarcity of long-term observational data
and the challenge for models to properly simulate the Angola-
Namibia region. Both coupled and uncoupled ocean models are
known to suffer from a warm coastal bias due to poor clouds
representation (Huang et al. 2007), atmospheric moisture bias
(Hourdin et al. 2015; Deppenmeier et al. 2020), and errors in
the coastal wind forcing (Koseki et al. 2018; Voldoire et al.
2019; Richter and Tokinaga 2020; Kurian et al. 2021). While
a few studies acknowledge a significant warming of the coastal
ocean fringe off Angola over the last decade (Vizy and Cook
2016; Vizy et al. 2018), the situation in the Namibian region
remains a topic of debate. For example, Vizy and Cook (2016)
used several reanalysis data to show that the SST along the
Angolan and northern Namibian coasts exhibit a statistically
significant warming trend, attributing it to the net downward
atmospheric heat flux. More recently, Vizy et al. (2018) inves-
tigated the mechanisms driving the annual decadal change
within the Angola-Namibia coastal region using a regional
atmospheric model coupled with an intermediate-level ML
ocean model. Their results indicate a warming trend along the
Angolan coast (6°S-17°S) and a cooling trend along the Namib-
ian coast (17°S-25°S). They suggest that the warming trend in
the Angolan region is mainly associated with a weakening of the
vertical entrainment, leading to less cooling of the surface water.
Meanwhile, the cooling trend in the Namibian region would be
associated with an intensification of the horizontal advection,
bringing cooler water from the Benguela Current.

The few studies on long-term changes have focused on
the annual trends, neglecting the examination of climatologi-
cal trends. However, in the Angola-Namibia coastal region,
especially off Angola, the annual cycle of SST is very strong,
with different mechanisms at work. This raises the question of
whether the decadal annual trends depicted in Fig. 1b and by
Vizy and Cook (2016), and Vizy et al. (2018) remain constant
during the upwelling and non-upwelling seasons, especially
along the 1°-wide coastal band, which would imply distinct
consequences for the ecosystems. In particular, the reproduc-
tive success of fish is critically dependent on environmental
conditions during early life stages (Hjort 1914), and in the face

of decadal warming, one would expect a detrimental effect on
the ecosystem. For example, in the case of Sardinella aurita, a
small pelagic fish essential for the food security in Angola and
well known to be highly sensitive to climatic stress (Cury and
Roy 1989; Binet et al. 2001; Sabatés et al. 2006), such a criti-
cal period is concentrated only during the upwelling seasons.
In this context, this study aims to investigate the decadal linear
trend in the TAUS and NBUS in different seasons and to iden-
tify the processes responsible for these changes. For this pur-
pose, we analyze the outputs of a surface ML heat budget from
a 34-year long ocean model simulation of the tropical Atlan-
tic. The paper is structured as follows: Section 2 outlines the
material and methods, followed by the presentation of results in
Section 3 and concluding remarks and discussion in Section 4.

2 Materials and methods

Our study mainly relies on the analysis of linear trends of
the surface Mixed Layer Temperature (MLT) from observa-
tions and a regional simulation of the tropical Atlantic from
1982 to 2015.

2.1 Observed SST datasets

The observed linear trends over the period 1982-2015 are
estimated from the weekly and daily Optimum Interpolation
satellite-derived SST data (Reynolds et al. 2002; Huang et al.
2021) at 1°x1° and 0.25°%0.25° spatial resolution, respec-
tively, and the 1°x1° Hadley SST data (Rayner et al. 2003).
Using these three observational products, a combined data
set is generated in order to reduce the discrepancies between
the data products and to minimize the uncertainties associ-
ated with the decadal trend estimates. To derive the long-term
trend map (Fig. 1), we first interpolate the 0.25°%0.25°-reso-
lution OISST data onto the coarser 1°x1° grid of the lower-
resolution observations using an averaging method and then
compute the ensemble mean of the three datasets. To estimate
the observed decadal trend off southwest Africa (Fig. 3a, b),
the coastal SSTs within the 1°-wide coastal band are first esti-
mated separately for each dataset. Low-resolution estimates
are then meridionally interpolated every 0.25° and three
coastal products are then combined into an ensemble-mean
observational dataset. It is noteworthy that, the general spa-
tiotemporal patterns in the decadal trend depicted in Fig. 1b
and Fig. 3a, b from our composite observations are consistent
across all three individual observational products analyzed
separately (see Supplementary Material).

2.2 Tropical Atlantic Model configuration

The Coastal and Regional Ocean COmmunity model
(CROCO, Shchepetkin and McWilliams 2005; Penven et al.
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2006; Debreu et al. 2012) was used to produce a multi-dec-
adal (1982-2015) simulation of the tropical Atlantic. We use
the realistic simulation (named CROCO*NY) developed in
Illig et al. (2020) that extends from the Americas to Africa
(62.25°W-17.25°E) from 30°S to 10°N, with a horizontal
resolution of 1/12° and 37 terrain-following vertical levels
stretched near the surface. The bathymetry is derived from the
GEBCO_08 30” elevation database (http://www.gebco.net).
Initial and northern/southern open lateral boundary condi-
tions are estimated from the CARS2009 climatology (Ridgway
et al. 2002; Dunn 2009). Boundary conditions are integrated
using a mixed radiation-nudging scheme (Marchesiello et al.
2001). The model is forced by momentum, heat, and freshwa-
ter fluxes derived using bulk formulae (Kondo 1975) based
on the daily-averaged surface fields at 0.7°x0.7° resolution
from the DRAKKAR Forcing Set v5.2 (DFS; Dussin et al.
2016). The MLD is provided by the turbulent mixing scheme
(K-profile parameterization; Large et al. 1994) An analytical
diurnal cycle modulates the shortwave radiation. River runoffs
are not included in the simulation, instead the sea surface salin-
ity is restored to the CARS2009 climatological values. This
configuration has been successfully used to study the coastal
dynamics off southwest Africa on seasonal (Korner et al. 2024)
and interannual (Illig et al. 2020) timescales. Comparisons
with observations can be found in Illig et al. (2020).

2.3 Heat-budget within the mixed-layer

To diagnose the processes responsible for the surface
temperature decadal changes, the heat budget within the
time-varying Mixed Layer (ML) is computed online by
the model at each time step during the simulation as
in (Illig et al. 2014). This ensures that the heat budget
is closed, takes transients into account, avoiding errors
associated with nonlinearities. The Mixed Layer Depth
(MLD, h) is determined by the turbulent vertical mixing
K-Profile parametrization (Large et al. 1994). The rate
of change of the mixed-layer temperature (AT) is driven
by the advection (X-ADV, Y-ADV, Z-ADV), the vertical
mixing (V-MIX: sum of vertical diffusivity at the base
of the ML (DIFF) and entrainment (ENTR)), and the
forcing by the surface heat fluxes (SFORC) tendencies,
such that:

0(T) =—(ud,T)—(vo,T) —(wo,T)

N—— N——
AT X-ADV Y-ADV Z-ADV

—_—

Hor—-ADV
1 1 0" +05-0

~5 0.y =3 0h X (T) =T ) + #

D;;‘F ENTR SFORC
V—;\?HX
ey
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where T is the model potential temperature; (i, v, w) are the
components of the ocean currents; k_ is the vertical diffusion
coefficient; Qg is the net surface solar heat flux, and Q5 is the
fraction of solar radiation that penetrates below the base of
the MLD; 0" includes the surface longwave radiations, and
latent, and sensible heat fluxes. Brackets denote the verti-
cal average over the MLD: (T) = % / (ithz. Note that the
ENTR term is not explicitly calculated online but it closes
the ML budget and therefore also includes numerical diffu-
sions associated with the temporal scheme. Because of the
implicit diffusion in the upstream advection scheme, explicit
lateral diffusion is set to zero.

The model timestep is 600 s. We store 3-day averages of
the state variables and surface fluxes, along with daily aver-
ages of the ML heat budget tendencies. In the following, we
assume that, in terms of monthly means, the instantaneous
temperature at midnight, reconstructed using the summed-up
contribution of the daily tendencies, is not different from the
daily averaged temperature.

2.4 Estimation of the linear trends

Observed and modeled linear trends are calculated using
a classical linear least squares regression method. For the
1°-wide coastal band along the southwest African coast, we
estimate the MLT Long-term Decadal Trends (LDT) over
the period 1982-2015 and also compute the MLT decadal
trends for each calendar month, referred to as Monthly cli-
matological Decadal Trends (MDT). Statistical significance
is estimated using the non-parametric Mann-Kendall and
seasonal Kendall tests (Mann 1945; Kendall 1948). The
results, presented in Fig. 3, show that the modeled LDT
and MDT are in good agreement with the observations (see
Section 3.1). This gives confidence in the estimation and
analysis of the processes driving these changes.

As warned by Alory and Meyers (2009), it is important to
exercise caution when determining the linear trends of the
heat budget tendencies for estimating their contributions to
the linear trend of the MLT. This is illustrated in Fig. 2a, b,
using the YADV tendency term averaged in the TAUS. First,
it is important to acknowledge that the LDT of the tendency
terms (red line in Fig. 2a) are second-order derivatives that
reflect an acceleration or deceleration of the linear tempera-
ture evolution (red lines in Fig. 2b). This means that the
LDT of a tendency term describes an increase or decrease
in the MLT LDT over the period considered, rather than
the linear change itself. For instance, in Fig. 2b, the linear
trend decreases over time, associated with a negative slope
in the tendency (Fig. 2a). Consequently, such a method is
not fully suitable for identifying the processes responsible
for the MLT LDT. Instead, one may consider estimating the
mean of the heat-budget tendencies (blue line in Fig. 2a).
However, the resulting rate of change would only represent
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Fig.2 Analyzing the decadal changes in the heat budget tendency
terms, using the example of the YADV tendency averaged over the
TAUS (15°S-8°S) within the 1°-wide coastal band from December
1981 to December 1983. a The black line displays the daily ten-
dency (°C/day), and the blue and red lines depict the time-averaged
(y =b) and linear regression (y = a X t+ b) of the tendency term,
respectively. b MLT evolution associated with the tendency term. The
black line is the integration over time of the tendency term (in °C),
and the blue and red lines are the integration over time of the mean
tendency ( / b.dt) and the tendency trend ( f (a X t).dt), respectively.
The dashed red line is the integration over time of the linear regres-

the slope between the start and end points of the integrated
timeseries (blue line in Fig. 2b) and would therefore be heav-
ily influenced by seasonal, intraseasonal, and interannual
variability. It is preferable to reconstruct the temperature
variations associated with each process controlling the MLT
variations by integrating the heat budget tendencies from

1983

sion of the tendency term ( f (a X t+ b).dt). The green line shows the
linear regression of the reconstructed temperature variations. ¢ Meth-
odology used to estimate monthly heat budget contribution to the
MLT variations. The black line shows the temperature variations (°C)
from the integration of the daily tendency. The steps are the monthly
means (°C), in red (blue) when the monthly value is higher (lower)
than the previous month. The gray curve with light blue and orange
shading represents the monthly rate of change (°C/month) estimated
as the difference between two consecutive monthly averages. The fig-
ure was created using the PyFerret program (http://ferret.pmel.noaa.
gov/Ferret/)

Eq. 1 over time and then estimating the slope that best fits
this timeseries (green line in Fig. 2b). However, the LDT
obtained would need to be compared to a reference simu-
lation or period that does not exhibit any decadal trend in
the MLT. Conversely, from a climatological perspective, the
seasonal variations dominate the coastal MLT variability in
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Fig.3 Linear trend (in °C/dec) of the SST averaged within the
1°-wide coastal fringe along the Angola-Namibia coast over the
period 1982-2015. a Annual long-term trends of observed (blue)
and modeled (CROCO, red) SST. b, ¢ Hovmoller diagrams of the

the TAUS and NBUS. Thus, every year the MLT and the
heat budget terms undergo pronounced and systematic trends
during each calendar month, triggering seasonal warming
and cooling phases. Our objective is to analyze the decadal
changes in these monthly MLT rates of change, which induce
an alteration of the MLT seasonal cycle, associated with
changes in the balance of the processes. As a concrete exam-
ple, one could consider the effect of the seasonal passage of
the downwelling CTW off Angola in September. It causes
a seasonal warming phase associated with a poleward flow
of the Angolan current and thus a positive Y-ADV. If this
seasonal remote wave increases with time due to changes in
the equatorial basin, then we would observe a positive trend
in the Y-ADV tendency during this season, which would
explain an increased warming during the warming phase of
the seasonal cycle. The calculation of the MDT of the MLT
and tendency terms allows the estimation of decadal changes
in the seasonal cycle and the identification of the processes
driving these changes. On the seasonal scale, we assume
that each year is independent of the others. This implies that
the MDT of the heat budget contributions reflect the linear
increase or decrease in the MLT of a given month, rather
than a quadratic one.

To analyze the MDT, we employ an adapted methodology
to examine the processes driving the climatological changes
in the MLT decadal trend using the ML heat budget out-
puts from CROCO. We first reconstruct the temperature
evolution associated with each process controlling the MLT
variations by integrating the daily heat budget tendencies
from Eq. 1 over time and then compute monthly means.
The monthly rates of change associated with each process
are then calculated by taking the difference between two
consecutive monthly means. This is illustrated in Fig. 2c,
for the YADV contribution in the TAUS. The black curve
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monthly climatological decadal linear SST trends for the observations
and CROCO, respectively. Dashed contours indicate statistically sig-
nificant values at the 95% confidence level. The figure was created
using the Matlab software (https://mathworks.com)

shows the integrated temperature changes from December
1, 1981, with the steps representing monthly means, and
the gray curve is the monthly rate of change. Thereafter, the
climatology of this monthly heat budget enables to recall
the phenology of the dominant processes driving the MLT
changes from one season to another and to verify that the
model is realistic (see Section 3.2). The analysis of the dec-
adal changes of the monthly heat budget tendencies allows
to identify the processes responsible for the long-term evolu-
tion of the MLT at a given season (see Sections 3.3 et 3.4).

3 Results

3.1 Long-term and climatological SST decadal
trends

Figure 3 shows the observed and modeled long-term trends
in SST at both annual (Fig. 3a) and seasonal (Fig. 3b, ¢)
scales. In agreement with, Vizy and Cook (2016) and Vizy
et al. (2018), the observations exhibit a mean warming trend
larger than 0.1 °C per decade (°C/dec) along most parts of
the Angolan and Namibian coasts (see blue curve in Fig. 3a).
The southern Angola, between 12°S and 17°S, undergoes the
largest warming trend over the 1982-2015 period (> 0.25
°C/dec). The southern Namibian coastal region (22°S-25°S)
only shows a weak warming trend of less than 0.05 °C/dec.

At the seasonal scale (Fig. 3b), the observed SST trend
along the Angolan and Namibian coasts exhibits a clear
seasonal dependence with alternating positive and negative
trends. Our observational dataset highlights a statistically
significant warming trend during the austral spring and sum-
mer (September-January), with a peak exceeding 0.8 °C/dec
at 14°S in November-December in the ABF. In contrast,
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the rest of the year experiences a moderate coastal cooling
trend of up to -0.2 °C/dec, except in the ABF zone where a
warming trend persists throughout the year. Along the coasts
of Angola, the pronounced warming trend in austral spring/
summer underlies the overall annual warming trend reflected
in the annual observed SST trend (Fig. 3a). Contrastingly,
south of 19°S, the counterbalance of the austral winter cool-
ing trend and the spring/summer warming trend in the south-
ern Namibian coastal zone results in the very weak annual
trend of the observed SST.

A comparison between the SST long-term trend in
CROCO and in the observations (Fig. 3a) reveals that
CROCO reproduces well the annual warming trend in the
Angolan and North Namibian coastal region (North of 20°S)
with a maximum value of +0.33 °C/dec at 13°S. However,
the model fails to capture the weak positive trend along the
south Namibian coast, instead showing a cooling trend up
to -0.16 °C/dec south of 20°S, in agreement with Vizy et al.
(2018). On a seasonal scale (Fig. 3c), the model successfully
reproduces the strong warming trend in the austral spring/
summer and the cooling trend in the winter along both the
Angolan and the Namibian coasts. However, CROCO over-
estimates the warming trend in March-April off Angolan
and the cooling trend in the Namibian coastal region. This
results in an overall annual cooling trend in the model south
of 20°S (Fig. 3a). Possible explanations for this bias in the
model include unrealistic acceleration trends in equatorward
coastal winds, which would lead to excessive upwelling and
evaporation, and to stronger equatorward horizontal cur-
rents advecting cold water northward. These discrepancies
between model and observations can also be attributed to
the coarse resolution of satellite data, which struggles to
accurately capture the coastal upwelling (Garcia-Reyes et al.
2015; Carr et al. 2021). Despite these differences, the good
agreement between the modeled and observed SST trends
at the seasonal scale gives confidence to use the CROCO
outputs to unravel the mechanism responsible for the decadal
climatological changes in SST observed along the Angolan
and Namibian coasts. This is done in the following sections.

3.2 Climatological heat budget within the mixed
layer

To comprehensively analyze the climatological trends in the
MLT within both the TAUS and the NBUS, it is important
to first examine the seasonal dynamics of the MLT in each
region. In the TAUS (8°S-15°S, Fig. 4a), the MLT exhibits a
pronounced seasonal cycle, characterized by high tempera-
tures above 25 °C during the austral summer and autumn
months, peaking in March (~28 °C). The austral winter
season is characterized by lower temperatures, dropping
below 24 °C and reaching a minimum of 21 °C in August.
Consequently, the MLT undergoes a cooling phase from

March to August, followed by a warming phase during the
rest of the year. Notably, the austral winter period, known
as the upwelling season in the TAUS, is under the influ-
ence of relatively weak surface winds, with a wind stress
amplitude lower than 0.03 N.m~2 (Fig. 4a; Ostrowski et al.
2009; Blamey et al. 2015). Contrastingly, the surface waters
in the NBUS (18°S-25°S, Fig. 4b) are relatively cold. The
MLT ranges between 13.5 °C and 19 °C, with the lowest
temperature observed in austral winter and the highest in
austral autumn. Consequently, similar to the TAUS, the sur-
face ML of the NBUS cools between March and August and
warms during the rest of the year (Fig. 4b). In addition, the
wind stress amplitude in the NBUS remains above 0.075
N.m~2 throughout the year, with the highest values observed
in austral spring (Fig. 4b). Consequently, the relatively lower
temperatures in the NBUS can be attributed to the quasi-
permanent wind-driven upwelling in the region (Fig. 4b;
Veitch et al. 2010), while in the TAUS the seasonal variabil-
ity of the MLT is not driven by the modulation of the surface
winds but rather by the passage of equatorially forced annual
and semi-annual CTWs (Korner et al. 2023, 2024).

The analysis of the ML heat budget reveals that the surface
forcing contribution (SFORC, see Eq. 1) consistently warms
the coastal ocean waters off Namibia and Angola throughout
the year (Fig. 4c, d), in agreement with Korner et al. (2023)
and Vizy et al. (2018). This highlights the dominance of solar
fluxes over non-solar fluxes in both regions. The vertical mixing
contribution (V-MIX, see Eq. 1) plays a crucial role in cooling
the coastal ocean waters off Angola and Namibia throughout
the year. Indeed, it diffuses the surface heat content downward
beneath the ML and thus closely counterbalances the exter-
nally forced surface warming (SFORC), especially during
austral winter. The residual, resulting from the summation of
the SFORC and V-MIX, still warms the coastal ocean waters
of Namibia and Angola and varies between 0-3 °C/month and
0-6 °C/month in the TAUS and NBUS, respectively.

On average, within the 1°-wide coastal band along the
NBUS, the horizontal advection (Hor-ADV), dominated
by the zonal advection (X-ADV, Fig. 4f), cools the ocean
waters throughout the year, with stronger effect in the austral
summer and weaker in winter. In contrast, in the TAUS, the
Hor-ADV (Fig. 4e) alternates between positive and negative
values, sequentially warming and cooling the coastal ML at
semi-annual frequencies in agreement with the passage of
downwelling and upwelling equatorially-forced CTWs that
can be depicted on the variations of the Sea Surface Height
Anomalies (SSHA, Fig. 4a). Notably, Hor-ADV, dominated
by the Y-ADV, warms the ML in January-February and
August to October, with a maximum value exceeding 1.5
°C/month in August-September.

The coastal upwelling dynamics, bringing deep cold
water towards the surface, also contributes to the cooling
of the Angolan and Namibian coastal surface waters. It is
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a)  TAUS (8°S - 15°S)

b)  NBUS (18°S - 25°S)
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Fig.4 Climatological conditions (1982-2015) in the 1°-wide
coastal fringe in the TAUS (8°S-15°S, left panels) and in the NBUS
(18°S-25°S, right panels). a, b display the climatology of the MLT
(brown solid line, °C), the monthly rate of temperature change (AT,
black solid line, °C/month), the SSH anomaly (purple dashed line,
cm), the net surface heat flux (Qnet, light coral dashed line, W.m™2),
and the wind stress amplitude (green dashed lines, N.m_z). ¢, d show

characterized by negative vertical advection contribution (Z-
ADV) in both regions throughout the year, exhibiting clear
seasonal variations. In the TAUS, the cooling effect of the
Z-ADV (Fig. 4c) is more pronounced in the austral winter
(May-July) and summer (December-January), coinciding
with the passage of the equatorially-forced upwelling CTW
associated with negative SSHA (see Fig. 3a Sea Surface
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the climatology of the ML budget terms (°C/month), with the sur-
face heat forcing in red, the horizontal advection in blue, the verti-
cal mixing in magenta, and the vertical advection in cyan. e, f show
the decomposition of the climatological horizontal advection into its
zonal (dashed green line) and meridional (dashed cyan line) com-
ponents. The figure was created using the Matlab software (https://
mathworks.com)

Height Anomaly (SSHA); Ostrowski et al. 2009; Kopte
et al. 2017; Tchipalanga et al. 2018). In the austral spring
(September-October) and late summer (February-March),
the Z-ADV term weakens significantly, and approaches zero,
associated with the passage of the equatorially-forced down-
welling CTW (Fig. 4a). In the NBUS, the cooling effect
of the Z-ADV (Fig. 4d) is stronger in austral summer and
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weaker in late austral winter, consistent with the seasonal
modulation of the coastal equatorward wind (Fig. 4b).

In summary, the ML in the TAUS and NBUS cools in
late autumn and winter and warms during the rest of the
year. The cooling is mainly associated with the combi-
nation of Z-ADV and Hor-ADV. The subsurface forcing
V-MIX also cools the TAUS and NBUS at that period but
is the mirror effect of the atmospheric forcing SFORC.
The warming of the ML in the TAUS and NBUS is pri-
marily associated with SFORC. However, in spring, Hor-
ADV contributes also to the warming of the ML in the
TAUS. Our results are in agreement with (Korner et al.
2023), which underscores that the CROCO simulation
realistically captures the ML dynamics of the Angola-
Namibia region. In the following section, we analyze the
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decadal climatological trend in the coastal MLT and the
processes underlying these trends.

3.3 Decadal climatological changes in the mixed
layer

Here, we first analyze the monthly climatological decadal
trend (MDT) of the temperature averaged within the ML.
As expected, the MDT of the MLT (Fig. 5a) displays a very
similar seasonality to that of the SST shown in Fig. 3c,
with a statistically significant warming trend along Angola-
Namibia in the austral spring/summer (September to Janu-
ary), which is stronger in the TAUS (above 0.6 °C/dec in
December, Fig. 5c) than in the NBUS (~0.2°/dec, Fig. 5d).
During the rest of the year, the NBUS undergoes a moderate

b) AT MDT (°C/month/dec)
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Fig.5 Top panels show latitude-time Hovmoller diagrams of the
monthly climatological decadal linear trends of a the MLT (°C/dec)
and b the summed-up contribution of all the processes driving the
MLT changes (AT, °C/month/dec). Grey shading denotes an exten-
sion of the climatology period. Bottom panels display MLT MDT
(blue line, °C/dec) and AT MDT (red line, °C/month/dec), along

with climatological AT (dashed brown line, °C/month, from Fig. 4)
averaged in the TAUS (c, [8°S-15°S] 1°-wide coastal band) and in
the NBUS d, [18°S-25°S] 1°-wide coastal band). Yellow and blue
shadings highlight focus periods of warming and cooling decadal
trends, respectively. The figure was created using the Matlab software
(https://mathworks.com)
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cooling trend, while the TAUS shows a secondary warming
trend in the austral autumn (~ 0.4 °C/dec).

It is important to acknowledge that the MLT MDT exhib-
its a marked seasonal cycle in both the TAUS and NBUS,
undergoing null or quasi null decadal trend during periods
characterized by substantial seasonal temperature variations
(Fig. 5¢c, d). For instance, in the TAUS (Fig. 5c), negligi-
ble decadal changes (MLT MDT, blue line) are reported
in August during the seasonal warming of the coastal ML
(AT, dashed brown line). Consequently, at seasonal scale,
the MLT decadal trend of a particular calendar month is
not the result of the integration of the MLT rate of changes
over an extensive period of time. For instance, the positive
linear MDT observed along the Angolan-Namibian coasts in
November-December can be attributed to a decadal warming
trend occurring only few months before and that amplifies
year after year. As a result, the integration over time of MDT
heat budget contributions does not reflect the acceleration/
deceleration of MLT changes but rather the linear climato-
logical changes, as assumed in Section 2.4.

In order to validate this methodology, we first analyze the
MDT of the summed-up contribution of all the terms driv-
ing the MLT changes (AT, see Eq. 1). As shown in Fig. 5b,
the linear MDT of AT shows alternating positive and nega-
tive trends. In the Angolan region, AT MDT undergoes a
semiannual cycle that explains the monthly climatological
decadal variations of the MLT (Fig. 5a). AT MDT increases
up to 4+ 0.3 °C/month/dec in the austral spring and starts
to decrease in December, marking the seasonal maximum
of the MLT MDT. AT MDT then increases again in early
autumn (~0.15 °C/month/dec), marking the seasonal attenu-
ation of the positive MLT MDT. In the TAUS coastal band
(1°-wide within 8°S-15°S, Fig. 5¢), the MLT experiences
a seasonal warming in austral spring (positive climatologi-
cal AT in August-November) and therefore the positive
AT MDT in spring (~+ 0.2 °C/month/dec) indicates an
increase in the rate of the seasonal warming. Similarly, in
austral summer, the MLT seasonally warms (positive AT in
December-February), so the negative summer AT MDT (~
-0.25 °C/month/dec) indicates a gradual decreased warming
rate. In austral winter, the MLT is cooling (negative AT in
April-July), hence the negative winter AT MDT (~ -0.17 °C/
month/dec) indicates an increasing cooling rate.

Along the Namibian coast, AT undergoes similar MDTs
to those observed in the Angolan domain (Fig. 5b). AT
increases by up to +0.5 °C/month/dec in austral spring
(October-November) and decreases by up to -0.6 °C/month/
dec in austral summer (January-February). In early aus-
tral autumn (February-April) and winter (June-July), AT
increases slightly up to +0.3 °C/month/dec and +0.2 °C/
month/dec respectively, while in late austral autumn (May-
June) and late winter (August-September), AT decreases
slightly up to -0.2 °C/month/dec and-0.1 °C/month/dec
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respectively. In the NBUS coastal band (1°-wide within
18°S-25°S, Fig. 5d), the significant positive MDT in austral
spring and the significant negative trend of AT in summer
correspond to the decadal warming of the MLT in austral
summer and its decadal cooling during the rest of the year.
The slightly alternating negative and positive trend from
autumn to winter is due to fluctuations during the decadal
cooling of the MLT. In late austral spring and early summer
(October-January), the MLT is seasonally warming (positive
AT in Fig. 5d), and this warming has increased up to +0.4
°C/month/dec during the last three decades, accounting for
the warming trend in NBUS observed in the austral summer
(Fig. 3b).

In conclusion, the MDT of AT in the Angola-Namibia
coastal regions is in quadrature with the trend of MLT in
the region. This validates the methodology employed and
opens the possibility to analyze the processes driving the
observed MDT.

3.4 Processes driving the MLT trend

In this section, we examine the potential drivers of the dec-
adal climatological trend of the MLT. We analyze the MDT
of each term of the monthly ML heat budget, first in the
TAUS (Fig. 6) and then in the NBUS (Fig. 7), in order to
explain the AT MDT.

As described in the previous section, the MDT of the
summed-up contribution of all processes (AT) averaged in
the TAUS (Figs. 5c and 6a) undergoes a positive decadal
trend in austral spring (in September-October, see yellow
shading in Figs. 5¢ and 6), followed by a strong negative
trend in austral summer (in December-February, see blue
shading in Figs. 5c and 6). These variations in AT MDT
shape the significant warming trend observed in the TAUS
SST in austral summer (Fig. 3b). The analysis of the con-
tribution of each process driving the MLT changes revealed
that SFORC warms the TAUS ML throughout the year
(see Fig. 4c and Section 3.2) and this warming has stead-
ily increased during the last three decades as shown by the
positive SFORC linear MDT in Fig. 6a, b. The SFORC
decadal trends are driven by both the MLD MDT and Qnet
(see Eq. 1). Figure 6b shows that for most of the year, Qnet
undergoes a decadal increase and, associated with a shal-
lowing of the MLD, SFORC exhibits a positive MDT. In
May-June and October-January, despite the decadal decrease
of Qnet, the SFORC MDT remains positive, controlled by
the decadal shallowing of the thin TAUS MLD. On the other
hand, V-MIX cools the MLT all year long (Fig. 4c) and
as expected, this cooling has also gradually increased in
the recent decades (negative V-MIX MDT in Fig. 6a, b),
in response to the decadal shallowing of the MLD and the
positive decadal trend in SFORC, especially in the late aus-
tral spring and summer (October-January). The summed-up
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Fig.6 a and c are the same as
in Fig. 4c, e, but for the MDT
of the monthly heat budget
contributions in the TAUS
([8°S-15°S] 1°-wide coastal
band). b shows the SFORC
(red line), V-MIX (purple line),
the summed-up contribution of
SFORC and V-MIX (dashed
orange line), Qnet (dashed light
coral line), and MLD MDT
(dark dashed green line), along
with DT MDT (black line).

d shows the Y-ADV MDT
computed online by the model
(dashed cyan line), along with
the Y-ADV calculated offline
using climatological meridional
temperature gradients (dashed
red line) and the Y-ADV calcu-
lated offline using climatologi-
cal meridional currents (dashed
blue line). Yellow and blue
shadings highlight focus periods
of warming and cooling decadal
trends, respectively. Unit is °C/
month/dec. The figure was cre-
ated using the Matlab software
(https://mathworks.com)
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Fig.7 Same as Fig. 6, but for
the NBUS region ([18°S-25°S]
1°-wide coastal band). The
figure was generated using the
Matlab software (https://mathw
orks.com)
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contribution of SFORC and V-MIX MDTs is in the same
order of magnitude as AT MDT (Fig. 6b, c) but is out of
phase with it in austral spring and summer. It exhibits a
warming trend in late austral summer (February-March) and
late winter (July-September), while it results in a cooling
trend during the rest of the year.

Focusing on the advection terms, we report that Z-ADV
MDT remains remarkably weak (Fig. 6a), generally close to
zero, except in early austral summer, when it shows a small
positive trend (~+ 0.1 °C/month/dec). This implies a slight
reduction of the austral summer cooling rate (Fig. 4c). For
its part, the Hor-ADV warms the TAUS ML in austral spring
(positive Hor-ADV in September-November, Fig. 4c), and
this warming has increased up to +0.15 °C/month/dec dur-
ing the last decades (Fig. 6a, c). In austral summer, autumn,
and winter, the Hor-ADV cools the TAUS ML (Fig. 4c¢),
and this cooling effect has increased in austral summer and
winter (negative Hor-ADV MDT in December-February and
June-September Fig. 6ac), while it has reduced in austral
autumn (positive Hor-ADV MDT in Fig. 6a, c). Interest-
ingly, the Hor-ADV, identified as the dominant process
driving the climatological MLT variations in the TAUS in
austral spring (see Section 3.2), exhibits a MDT (blue line
in Fig. 6ac) almost identical to the AT MDT. This suggests
that the long-term intensification of the austral spring warm-
ing can be attributed to the decadal changes of the coastal
Hor-ADV. Similarly, the demise of the long-term summer
warming is mainly due to the increase of the Hor-ADV cool-
ing during this period.

Further decomposition of the Hor-ADYV into its zonal (X-
ADYV) and meridional (Y-ADV) components (Fig. 6¢) shows
that the positive and negative trends of Hor-ADV during the
austral spring and summer are predominantly driven by the
trends in the meridional advection process (Y-ADV, cyan
dashed line). At last, we conducted a decomposition of the
monthly Y-ADV in the TAUS to disentangle the part of the
Y-ADV MDT attributed to the long-term changes in the
coastal currents from the part associated with the changes
in the MLT horizontal gradients. Therefore, we re-evaluated
the Y-ADV offline, assuming in the first case that the MLT
gradients remain climatological, and in the second case, that
it is rather the ML currents that do not vary interannually.
The results, presented in Fig. 6d, reveal that the Y-ADV
MDT with climatological meridional gradients (dashed red
line) remains in very good agreement with the online estima-
tion of the Y-ADV MDT (dashed cyan line), especially in the
austral summer and spring. This indicates that the onset and
demise of the warming trend observed off Angola in austral
spring and summer (Fig. 3b, Fig. 5a, c) is associated with
the modulation of the Angola Current.

In the NBUS (Fig. 7), the heat budget terms exhibit
noisier MDTs compared to the trends observed in the
TAUS, showing alternating positive and negative decadal

trends depending on the calendar month. The MDT of
the summed-up contribution of all processes (AT), as
described in the previous section (Fig. 5d), undergoes a
positive decadal trend in late austral spring and early sum-
mer (up to +0.4 °C/month/dec in September-November,
see yellow shading in Figs. 5d and 7), followed by strong
negative trends in austral summer (<-0.3 °C/month/dec
in January-February, see blue shading in Figs. 5d and 7).
These variations in AT MDT shape the significant warm-
ing and cooling trends observed in the NBUS SST in aus-
tral summer and autumn, respectively (Fig. 3b). The analy-
sis of the contribution of each process driving the MLT
MDT shows that the seasonal warming associated with
SFORC (Fig. 4d) has increased in late austral spring and
summer during the last three decades (positive SFORC
MDT in October-February in Fig. 7a, b), mainly associ-
ated with a decadal shallowing of the MLD in this period
of the year. The seasonal cooling associated with V-MIX
(Fig. 4d) has increased during late austral spring and sum-
mer over the last three decades (negative V-MIX MDT in
Fig. 7a, b), counterbalancing SFORC MDT. The residual,
resulting from the summation of the SFORC and V-MIX
MDTs (Fig. 7bc), exhibits a positive trend in austral sum-
mer, while it has not significantly changed during the rest
of the year.

The Z-ADV MDT in NBUS (Fig. 7a) also remains
remarkably weak, as in the TAUS, generally hovering
around zero, except in austral summer when a negative
trend of up to -0.12 °C/month/dec is reported. The Hor-
ADYV, on other hand, cools the NBUS ML all year long
(Fig. 4d), and this cooling effect has reduced in late austral
spring (positive Hor-ADV MDT in October-November in
Fig. 7a, c), while it has increased during the rest of the
year (negative Hor-ADV MDT in Fig. 7a, c¢). Furthermore,
the Hor-ADYV, although not the dominant process driving
the MLT variation, exhibits an MDT almost identical to
the AT MDT in the late austral winter, spring, and sum-
mer. This suggests that the long-term intensification of
the early austral summer warming in the NBUS can be
attributed to the decrease of the Hor-ADV cooling during
this period. Similarly, the long-term cooling in late austral
summer and late winter can be attributed to the increase of
the Hor-ADV. The analysis of the Hor-ADV components
(Fig. 7¢) further reveals that the X-ADV MDT is the main
driver of the Hor-ADV MDT in the NBUS. Similar to the
TAUS, the offline decomposition of the advection term
presented in Fig. 7d also shows that the decadal changes in
the zonal heat transport (dashed green line) are driven by
the change in the amplitude of the coastal current (dashed
blue line) rather than the changes in the MLT gradients.

In summary, the decadal changes in the coastal ocean
circulation are the main drivers of the MLT trend in both
the TAUS and the NBUS. In the following section, we
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Fig.8 Latitude-time Hovméller diagrams of: a the coastal (averaged
in the 1°-wide coastal band) climatological horizontal current aver-
aged in the ML (cm.s~!, arrows) and its meridional component (cm.

1 shading). b Same as a but for the MDT (cm.s~'/dec). ¢ Same as

therefore analyze the MDT of the horizontal coastal cur-
rents along the coast of Angola and Namibia.

3.5 Role of the horizontal current evolution
in the seasonal trend

The current averaged in the surface ML display a pro-
nounced seasonal cycle (Fig. 8a, c), which is particularly
strong in the coastal Angolan region. The meridional com-
ponent of the coastal currents in the TAUS flows southward
in January-February and August-October, and reverses to
north during the rest of the year, reaching intensities of up to
18 cm.s~! in agreement with Awo et al. (2022). The south-
ward flow is strong in August-October with maximum values
up to 16 cm.s~! in September, while it is weaker in January-
February with values less than 6 cm.s™!. In agreement with
Awo et al. (2022), the southward current extends vertically
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a but for the zonal current. d Same as ¢ but for the MDT (cm.s™'/
dec). The figure was created using the Matlab software (https://mathw
orks.com)

below the ML (not shown), while the northward current is
observed only within the ML. In the ABF region, the meridi-
onal current flows consistently southward throughout the
year, with two maxima. The first peak, with intensities up
to 14 cm.s™!, is observed in February, while the second
maximum, with values up to 28 cm.s”! is prominent in
September-October. Further south, in the NBUS region, the
current maintains a northwestward flow throughout the year,
with maximum values up to 14 cm.s! in austral winter. The
MDT analysis of the horizontal ML currents (Fig. 8b) shows
that the southward current in the TAUS has intensified up
to 3 cm.s~!/dec in September-October over the last three
decades. Conversely, the northward current has weakened by
2.5 cm.s~!/dec in November, both contributing to the TAUS
warming trend in austral spring. Similarly, in the austral
summer, the northward current has strengthened by up to 4
cm.s~!/dec in December-January and the southward current
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has weakened up to -3 cm.s~'/dec in February, explaining
the negative trend depicted in Y-ADV. During the austral
winter, the TAUS northward current has increased by up to
4 cm.s~Y/dec. In summary, the fluctuations of the MDT of
the Angola Current are in agreement with the TAUS Y-ADV
MDTs described previously (Fig. 6¢).

In the NBUS, the trend analysis shows weak trends in the
equatorward current. The Benguela Current has weakened
by up to 1.5 cm.s™!/dec in austral autumn and late spring,
while the trend remains almost negligible in austral winter
and early spring. Focusing on the zonal component of the
current, the results show that the westward current has week-
ened up to 1.5 cm.s~!/dec in October-December contributing
to reduce the offshore transport of upwelled coastal water.
Conversely, the westeward current has intensified by to 2
cm.s~/dec in January-February, contributing to enhance the
coastal divergence. This increase in the westward current
is also observed in August-September but it remains very
weak and not significant. In summary, the MDT variations
in the zonal component of the Benguela Current explains the
X-ADV MDT in NBUS (Fig. 7c¢).

4 Discussion and conclusions

In this study, we analyzed the climatology of the long-term
changes of the upper layer temperature in the productive
marine ecosystems of the southeastern tropical Atlantic off
Angola (TAUS) and Namibia (NBUS). We investigated the
main processes responsible for these changes based on the
analysis of the ML heat budget from a~9 km resolution
regional ocean model over the period 1982-2015.

Our results revealed a clear seasonal dependence of the
decadal SST trends in the first 100 km (1° band along the
coast) along the Angolan and Namibian coasts. The overall
annual warming trend in the TAUS is mainly the result of a
pronounced warming trend in late austral spring and summer
(October-January), with no significant change observed in
austral autumn and winter (February-September). In contrast
to the TAUS, the weak annual trend in the NBUS results
from a counterbalance of the austral winter cooling trend
and the austral summer warming trend.

To better understand the mechanisms underlying these
long-term changes, we first provided an overview of the
mean processes driving the model climatological surface
temperature variations in both the TAUS and the NBUS. At
the climatological scale, the coastal ML of the TAUS and
NBUS cools during the austral autumn/winter and warms
throughout the rest of the year. Heat budget analysis showed
that the surface forcing (SFORC) warms the coastal ML
throughout the year along the entire southwest African coast,
while the vertical mixing (V-MIX) distributes this heat
below the ML, counterbalancing the atmospheric surface

warming. Their combined contribution results in a warming
of the ML, especially during the austral summer. In austral
winter, both horizontal and vertical advections (Hor-ADV
and Z-ADV) contribute to the cooling of the ML in both
regions. Conversely, in austral summer, it is the combined
contribution of the atmospheric surface forcing and the Hor-
ADV that warms the coastal ML. Notably, in austral spring
in the TAUS, we show that the Hor-ADV emerges as the
main contributor to the ML warming, in agreement with
Awo et al. (2022), highlighting the importance of the mean
horizontal advection during this season.

On the analysis of the processes driving the long-term
surface temperature changes, our results showed that, whilst
the TAUS and the NBUS undergo different dynamics, their
climatological long-term trends are driven by the same pro-
cess, i.e. the Hor-ADV. The Hor-ADV controls the monthly
climatological decadal warming trend of the austral spring
and summer ML in the TAUS. It also controls the austral
summer ML warming trend and the late austral winter and
spring cooling trends in the NBUS. In both regions, the
contribution of the decadal changes in Z-ADV and the sum
of SFORC and V-MIX terms remains small during these
periods. These results differ from those reported by Vizy
et al. (2018), which may be due to a divergence in modeling
strategy. In fact, they used a regional climate model run at
a coarse resolution, composed of the Weather Research and
Forecasting Model (Skamarock et al. 2008) coupled to a one-
layer ocean model which may misrepresent the coastal cur-
rents. Note that the resolution of our model surface forcing is
also relatively coarse (0.7°%0.7°) compared to the resolution
of our CROCO configuration (1/12°, see Section 2.2). In
particular, the coastal cloud cover and the decrease in the
wind amplitude as one approaches the coast may not be well
represented in the DFS forcing, resulting in a warm bias in
the mean SST off Namibia (see supplementary material in
Illig et al. 2020). A sensitivity test could be performed by
using outputs from the matching WRF regional atmospheric
model configuration at 0.25°x0.25°developed in Illig and
Bachelery (2024).

Our study confirmed the critical contribution of SFORC
and V-MIX to the seasonal variations of the surface ML in
both coastal systems, consistent with previous studies (Scan-
nell and McPhaden 2018; Korner et al. 2023). However, a
series of sensitivity tests (not shown) highlighted the exces-
sive dependence of the magnitude of SFORC and V-MIX on
the choice of the surface layer thickness. A deeper surface ML
reduces the contribution of SFORC and V-MIX terms, even
leading to their reversal, while the magnitude of the advection
terms remains relatively stable, with no significant changes
in their contribution. These results improve our understand-
ing of the intricate interplay between SFORC and V-MIX
processes, and the MLD. On monthly climatological decadal
scales, the variations in MLD also drive the trends in SFORC
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and V-MIX. Our modeling results show a shallowing trend
of the MLD in the TAUS, in contrast to the study by Vizy
et al. (2018), where the prescribed MLD deepens. Neverthe-
less, the Hor-ADYV is the main process at work to explain the
climatological decadal trend of the SST off southwest Africa,
so our results do not ultimately depend on the chosen ML.D
or its decadal variations.

We further disentangled the role of currents vs. horizon-
tal gradients in the contribution of zonal and meridional
advections. Our analyses showed that, in both regions, the
changes in the Hor-ADV are primarily attributed to changes
in the coastal currents. In the TAUS, the warming trend of
the MLT in austral spring and early summer, followed by
its demise in late austral summer, can be attributed to the

Fig.9 Comparison of climatol-
ogy of the current (blue line,

southward intensification of the Angola Current. This cur-
rent brings warm water from the equator into the region in
austral spring and early summer, while the northward inten-
sification of the reverse Angola Current in late austral sum-
mer contributes to the dissipation of this warming trend.
Similarly, in the NBUS, the warming trend of the MLT dur-
ing the austral early summer can be attributed to a weaken-
ing of the northwestward Benguela Current, which brings
cold water from the south into the NBUS region.
Interestingly, the decadal changes in the coastal current
can be related to a long-term modulation of the seasonal
equatorially-forced CTWs, because (1) the decadal changes
in the meridional current show a coherent pattern from the
equator to the NBUS (Fig. 8b), and (2) because there is
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a seasonal phase between the climatological trend of the
coastal currents and the passage of the seasonal equatorially-
forced CTWs off Angola (Fig. 9a). In spring the southward
intensification of the Angola Current coincides with the
passage of the seasonal downwelling CTW. Similarly, in
the NBUS, the weakening of the northwestward Benguela
Current in austral spring coincides with the passage of the
downwelling CTWs (Fig. 9b). Notably, the downwelling
CTWs and the associated change in the current are in phase
with the MLT warming trend in the TAUS but are shifted
by one month in the NBUS. This temporal shift could be
attributed to the pronounced cooling trend of the MLT in the
preceding spring, which conceals the onset of the warming
trend associated with the weakening of the Benguela Cur-
rent and the passage of the downwelling CTWs (Fig. 9b).
It’s worth noting that Bachelery et al. (2020) and (Korner
et al. 2024) also emphasized this connection with the equa-
torial variability, suggesting that changes in the magnitude
of equatorially-forced CTW activity could lead to decadal
modulation of the Angolan and Namibian coastal variability.
This insight implies decadal changes in the equatorial winds
triggering the equatorial forcing.

In the TAUS, the warming trend in the austral summer
results in an increase in the amplitude of the seasonal cycle
of the MLT (Fig. 10), which may affect the ecosystem and
the climate in the tropical Atlantic. For instance, Awo et al.
(2022) showed that low salinity water is advected into the
TAUS in spring by the poleward Angola current. In our
study, we show that this poleward current has significantly
intensified over the last three decades, potentially leading to
increased advection of low salinity water into the region on
a long-term scale. In addition, the increased advection of
warm water southward may enhance the upper ocean strati-
fication which would reduce the early austral summer minor
upwelling of cool subsurface water into the ML. However, in
austral winter, no significant changes are observed (Figs. 3b,
c and 10).

From an ecological perspective, the presented decadal
trend distributions provide an indication of which coastal
regions within the studied domain are climatologically more
favourable for fish reproduction than others. Fish exhibit the
narrowest thermal tolerance range during the reproduction
phase compared to the other life cycle stages. Reproductive
performance, and thus future population size, is most vulner-
able to even slight deviations from the optimal thermal range
induced by ocean warming (Dahlke et al. 2020). In the case
of Sardinella aurita, the dominant small pelagic fish in the
TAUS, the optimal reproductive temperature range is in the
low twenties Celsius (Ettahiri et al. 2003), which falls dur-
ing the austral winter (Fig. 10). According to (Fig. 3b, ¢),
the region north of about 13°S has not experienced decadal
warming during winters. Since the reproductive habitat of
Sardinella aurita is restricted to the same area (Boely and
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Fig. 10 Seasonal cycle of MLT in the TAUS over different periods:
1983-1993 (blue), 1994-2004 (black), and 2005-2015 (red). The fig-
ure was created using the Matlab software (https://mathworks.com)

Fréon 1980; Ghéno and Fontana 1981), the above observation
leads to the conjecture that the reproduction of the Angolan
Sardinella has probably not been affected by the ocean warm-
ing during the decades of this analysis. This conclusion is
corroborated by the results of stock assessment surveys cover-
ing approximately during the same time period, which show
interannual fluctuations but the stable size of the Angolan Sar-
dinella population on the decadal timescale (FAO 2011), con-
sistent with the prediction inferred from the presented MDT.
Conversely, (Fig. 3b, ¢) indicates a MDT during winter in the
southern Angola region, 13°-17°S, suggesting a detrimental
impact on the coastal fish populations resident there. A study
by (Potts et al. 2014) examined the effect of ocean warming
in this region on the distribution of coastal resident fish spe-
cies and concluded, in line with the above expectation, that
decadal SST trends have resulted in significant poleward shifts
of the areas favorable for their reproduction and to a decrease
in the population size.

Acronyms

°C/dec: Degree Celsius per decade; ABF: Angola Benguela
Front; CTWs: Coastal Trapped Waves; DFS: DRAKKAR Forc-
ing Set (version 5.2); MDT: Monthly climatological Decadal
Trend; LDT: Long-term Decadal Trend; ML: Mixed Layer ;
MLT: Mixed Layer Temperature; MLD: Mixed Layer Depth;
NBUS: North Benguela Upwelling System (18°5-25°S);
Qnet: Net surface heat flux; SST: Sea Surface Temperature;
TAUS: Tropical Angola Upwelling System (8°S-15°S)

Heat budget analysis

AT: Rate of change of the mixed-layer temperature;
X-ADV: Zonal Advection; Y-ADV: Meridional Advection;
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Hor-ADV: Horizontal Advection; Z-ADV: Vertical Advec-
tion; V-MIX: Vertical Mixing; SFORC: Surface atmospheric
heat Forcing
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